Adaptive hypermedia applications are aimed at tailoring hypermedia structures according to some form of user model, in an attempt to increase the usability and utility of the application for each individual or group. Existing research in the field has resulted in many systems, techniques and paradigms both for modeling user data and for the subsequent exploitation of such model for the sake of personalization. As a matter of fact, the majority of adaptive hypermedia systems work with user models that are imperfect in some way, and the theories or hypotheses that guide adaptation are also often of a heuristic or approximate nature. Although some existing systems provide explicit means for dealing with imperfection in one or several of its multiple facets, there exists a lack of support for information imperfection in adaptive hypermedia models and architectures. In an attempt to provide such conceptual support, the MAZE model was proposed as a generalization of an existing abstract hypermedia model, providing built-in support for fuzzy set-theoretic notions. This chapter provides an overall account of the MAZE model, along with its rationale, and an overview of a possible instance of a MAZE-based architecture. In addition, the use of MAZE to model common adaptive hypermedia technologies is illustrated through a concrete case study.
INTRODUCTION
Adaptive hypermedia can be defined succinctly as the technology that allows the personalization of hypermedia applications according to an elaborated record of the characteristics of their users.
Thus, it's the degree of comprehensiveness and accuracy of the user model which determines the space and effect of the possible adaptations. In other words, the outcomes of user modeling processes determines the subsequent adaptation tasks, in terms of the definitions provided by Brusilovsky (1996; 2001) when describing the "classic loop" of adaptive systems. This fact leads to consider both the knowledge representation languages and the collection and elaboration techniques that are currently used in adaptive systems, in an attempt to come up with a figure of the level of adequacy and accuracy of user models. As a matter of fact, implicit user modeling techniques are used in many cases, so that the raw data collected are indicators (e.g. visiting a concrete page for a given amount of time) that must be later interpreted by the system to elaborate the user model from them. To view it from other perspective -described in more detail in (Sicilia, 2003a) -adaptive systems usually observe their users by annotating their navigation history (often called the "clickstream") and later hypothesizing about the characteristics, objectives, goals or knowledge that the users have, but without asking them directly about such constructs and psychological traits. This certainly entails that some degree of uncertainty, imprecision and even inconsistency is unavoidable when constructing user models. In some specific cases, the knowledge or beliefs that drives adaptation is itself of an uncertain and vague nature, as occurs in e-commerce applications that use an estimation of relationship value (Sheth, and Parvatiyar, 2000) as a driver for personalized customer treatment (Sicilia & García, 2003) .
Of course that some systems actually use explicit questions to collect information from its users, but even in these cases, the answers provided are often provided in linguistic form. For example, Information Imperfection as a Characteristic of Adaptive Hypermedia 4/31 some systems use a Likert scale to ask their users about their degree of interest in some given topics.
Given this picture regarding the sources of user information and the beliefs that designers put into adaptive systems to elaborate it, imperfection in its diverse facets -Smet's taxonomy (Smets, 1997) provides a comprehensive account of them -should be considered as an inherent property of personalized systems, which emanates from user profiling and user modeling techniques. In addition, the subsequent adaptation tasks are forced to handle such imperfections, at the risk of oversimplifying the available data, producing dissonances between the user model and the outcomes of adaptation.
In recent years, a number of mathematical frameworks for imperfect information -including probability -have been investigated and matured, and their relationships have been made explicit in a broad mathematical theory of imperfect information (Klir & Wierman, 1999) . As a result, the concepts of these frameworks have been extensively applied to knowledge representation and reasoning under diverse circumstances, providing the theoretical and practical background for the integration of such techniques in adaptive hypermedia as first-class citizens.
Indeed, a number of existing adaptive systems have used uncertainty handling to carry out adaptations in concrete situations -a survey can be found in (Jameson, 1996) -but it still remains the need for adaptive hypermedia models that support them as a built-in characteristic, so that a stronger awareness of the importance of imperfect information handling can be raised in the community of developers of adaptive hypermedia and adaptive Web systems.
The rest of this chapter is structured as follows. First, an account of existing adaptive hypermedia research involving an explicit handling of imperfect information is provided, in an attempt to motivate the need for adaptive hypermedia models that integrate such handling Information Imperfection as a Characteristic of Adaptive Hypermedia 5/31 frameworks, making them ready-to-use for application designers. Then, the MAZE model is described as a generalization-for-fuzziness of an existing hypermedia model, illustrating the way that imperfect information can be seamlessly integrated with hypermedia conceptual notions to enable adaptation behaviors that preserve and exploit the fuzziness of the user model and of the descriptions of adaptive functionality. After the overall description of the model, a case study is sketched to illustrate the possibilities that are opened by the extended constructs included in MAZE. The chapter concludes with a brief discussion of future trends and the main conclusions drawn from the definition and application of the MAZE model.
BACKGROUND
A number of imperfect information handling techniques have been applied to date to build concrete user modeling and adaptive hypermedia functionalities. Jameson's survey (1996) of numerical uncertainty handling techniques describes a variety of applications of fuzzy logic, probability and Dempster-Schafer theory. All of them are related to representations of uncertainty adapted to the concrete requirements of each user modeling scenario. In addition, Bayesian techniques have been applied in a considerable number of systems, especially in educational systems. Examples are KBS (Henze & Nejdl, 1999) All these efforts respond to concrete requirements of information imperfection handling that include -according to Smets (1997) -both imprecision dealt with thorough Fuzzy Set Theory and related approaches, and also diverse varieties of uncertainty, handled by classical probability and other more general frameworks like Dempster-Schafer theory and Possibility Theory. But none of them provides a comprehensive account of imperfection connected to the essential structure and architecture of hypermedia systems, so that it still lacks a generalization of such concrete representations to higher-level conceptual analysis and design constructs that put information imperfection at the level it deserves as a central characteristic of the vast majority of application settings.
The MAZE model described in this paper is the result of putting together concepts and techniques described in previous research, initiated from an investigation on fuzzy stereotypes (Sicilia & Dodero, 2001) , and extended thorugh a number of concrete implementations regarding different areas including preference aggregation (Dodero, Sicilia & García, 2001) , filtering based on user interface design (López, Sicilia, Martínez, García, 2001) , general-purpose fuzzy adaptation rules (Sicilia, Díaz, Aedo and García, 2002) and imprecise link typing in educational materials (Sicilia, García, Aedo & Díaz, 2002c /2003a . MAZE provides the first attempt to systematically address fuzziness in models of adaptive hypermedia, since previous approaches were application or problem-specific. In addition, the work described by Sicilia (2003a) is a first attempt to put information imperfection in hypermedia as the key component of a view of those systems inspired in the spirit of Popper's process of rational inquiry, since the inferences that take place on adaptive hypermedia systems are provisional to the extent of imperfection of the observations recorded about users, and they are also informed by preconceived imprecise hypotheses or heuristics about the adaptations that better fit some observed behaviours.
AN EXTENDED-FOR-FUZZINESS ADAPTIVE HYPERMEDIA MODEL
The MAZE model is a strictly additive extension of the existing abstract hypermedia model For brevity, only relevant definitions and some examples are described in an informal notation, with the intent of illustrating concepts rather than providing a complete formulation.
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Basic Concepts and General Extensions
In the LABYRINTH abstract model, a Hyperdocument named HD (1) in the set H is described as used to refer to the set of personalized hyperdocuments associated to a basic one. A basic hyperdocument is in turn described in terms of eleven elements in the form denoted in (2).
The first seven elements in (2) are the sets of users (and groups of them), nodes, contents, anchors, links, attributes and events, respectively. The last four elements are functions determining: the location of contents into a node, the list of attributes, the list of events, and the access category of an element, respectively. Attributes are a general-purpose metadatamechanism, and can be applied to attach name-value pairs to any of the elements in U, N, C and
L.
As MAZE is a strictly additive coherent collection of extensions, we'll briefly sketch a number of additions not directly related to information imperfection, which were introduced to better accommodate adaptive descriptions. First, a form of set-theoretic notion of adaptation must be Information Imperfection as a Characteristic of Adaptive Hypermedia 9/31 added to the model. Such construct is called in MAZE the adaptation relation, defined in (3) as a subset of the cartesian product of basic and personalized hyperdocuments and subsets of users and/or groups. This enables a simple form of describing personalized hyperdocuments in a extensional basis, by the enumeration of hyperdocument variants linked to specific users or groups.
In addition, MAZE users and groups have been separated in two partitions of U, so that G denotes groups and IU individual users, and G∩ IU=∅. According to Labyrinth, there are two types of "users" (individuals and groups), and every element in U is uniquely identified, i.e. ∀a, MAZE adds also a simple type declaration mechanism, so that simple and complex types can be introduced as elements in a set of types T. Finally, the notion of multi-valued attribute is generalized in MAZE to the concept of association. Elements in a MAZE model can be organized in three meta-modeling levels that have a close parallel in the levels M 0 to M 2 of the UML modelling language (Rumbaugh, Booch & Jacobson, 1999) , thus enabling a seamless integration with the popular visual modelling language that can be combined also with fuzzy extensions (Sicilia, García & Gutiérrez, 2002) . The instance level (M 0 ) includes elements Information Imperfection as a Characteristic of Adaptive Hypermedia 10/31
representing the structure and users of a concrete application, e.g. user "John Doe" and his preference for "classical music" in a given e-shop. Elements at the model level (M 1 ) describe the schema of those concrete applications, e.g., the class of "VIP" users to which John Doe belongs, and the class of categories of their disc catalogue, including "classical music". MAZE descriptions are thus at the meta-model level (M 2 ) that provides the templates for describing concrete groups and/or other domain elements. 
Specific Extensions for Fuzziness
The extensions included in MAZE affect to user and group definitions, links, the adaptation relation, attributes and relationships among entities in general.
User modelling proceeds in many cases by stepwise refinement of categories of users in subcategories. MAZE allows the definition of groups of users without sharp boundaries, so that any group has an associated membership function that determines the degree of belonging of users to the given group, as denoted in (4). Group descriptions can be created by combining existing ones with logical connectives to any arbitrary degree of complexity, e.g. "loyal and frequent users".
As usual in fuzzy set theory, t-norms and t-conorms can be used to compute the resulting membership values (Klir & Yuan, 1995) .
Since user modelling may end up with nested categories of users, the subgroup relationship is extended to its fuzzy counterpart that must satisfy the relation in (5) that guarantees the plausibility of nested chains of groups.
The expression in (4) is only a special case of fuzzy generalization-specialization (gen-spec) relationship, as described by Chen (1998) . In consequence, stereotyped UML generalizations can be used to denote them in conceptual diagrams.
A (fuzzy) link can be defined in an abstract manner as the triple in (6) where S and T are the sets of sources and targets, i.e. addressable entities, respectively, and Λ is a set of membership functions one for each type or purpose p, and U represents the set of users (groups of users) of the system. It should be noted that the use of purposes is simply a way to allow for different interpretations of the same link.
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From the above definition, it is assumed that an arc that belongs to the link L in the form (a, b) ∈ S×T, with a specific type p is described by the corresponding membership function µ (L, p) , which allows the definition of partial matching of the link for specific users (or groups of users) for the specific semantic interpretation. For example, the relative 'discordance' level of a set of nodes D
in T that provides an alternative view to the hypothesis m presented in a content node k in S, along with the mastery level of the user (regarding the corresponding concept represented in k)
can be used to specify a membership grade for a link as described in (7).
where f is a function that should be defined according to any given heuristic.
In some cases, for practical purposes, the definition of such kind of membership functions can be expressed as a composition of two functions, in the general form µ (L, p) (s, t, u) = f(s, t) · g(s, t, u) that may express two different aspects of the imprecision embodied by the link, being the first user-independent (so that can be provided by the author of the link, prior to any form of application to adaptation), and being the second a function of some characteristic of the model of the user, providing the personalization aspect.
The adaptation relation can be extended in a straightforward way by associating degrees of compatibility to elements of the cartesian product showed in (3), resulting in a membership function µ AR . But despite being a highly general formulation, this formulation is impractical except for very small applications with limited numbers of users, since it's required to specify a For example, the user modeling rule in (8) defines an imprecise loyal user category through the combination of other two categories, one of them modified by the fuzzy hedge very. This generalizes strict categories or stereotypes to a more realistic setting.
very frequent(user) ∧ usual-buyer(user)→ loyal(user)
Quantification in fuzzy rules can be also used in rule antecedents to express inference conditions on rough quantities. In Table 1 , the two types of quantified expressions are described.
Syntax Example Type
Q expr "Many positive-responses" Absolute quantification Q expr 1 are expr 2 "Most frequent-users are novices" Relative quantification Figure 2 , and also to model relationships between fuzzy subsets of U, as described below in the context of the case study. 
An Example MAZE-based Architecture
The extended constructs described above require a number of specific software components that provide support for them. As a concrete instance of a MAZE architecture, Figure 3 depicts the Web layered architecture that underlies the case studies described in the following section.
Applicable process architectures are standard two-three or many tier, including also Web Service oriented ones, so that we'll not deal with them here. The persistence management layer implementing the (sub-)models of the system can be realized through a software-based fuzzy adaptation of a conventional relational database management system. The elements explicitly described in MAZE have been supported by the fJDBC framework described by Sicilia, García, Díaz & Aedo (2002b) . In the case of using libraries that support a given adaptation paradigm, they should be integrated also in the persistent mechanism.
For example, if using Jess iii with the Fuzzy Java Toolkit iv for rule-based adaptation, specific integration software is required to join together the persistent format of Jess rules with the elements in the relational database.
CASE STUDY
To illustrate the applicability of the extended constructs included in MAZE, a concrete application is described, illustrating different aspects of imprecision handling. Concretely, the use of fuzzy models of social relationships to personalize group-collaboration activities is described in the context of a group-enabled search interface.
Other case studies are described elsewhere, e.g. in ( 
Case Study Description: Implicit Social Relationships
Imprecise generalizations and associations can be used to model relationships among users that are implicitly built, thus bearing some degree of uncertainty numerically represented in degrees of imprecision. In this subsection, a concrete example -first reported in (Sicilia & García, 2004) -of such modeling practice is described, that presupposes a given work setting in which a group of users that are aware of each other use a conventional Web search engine as a tool to find information useful for the interests of the group. This is the typical scenario in which many research teams carry out they daily activity regarding their concrete research goals.
The goal of building an implicit social model of such group is that of adapting their interactions in a cooperative setting depending on the evolving nature of their interests. In consequence, the raw user observations the system uses are interactions among members, concretely, peer Information Imperfection as a Characteristic of Adaptive Hypermedia 18/31 recommendations to visit a given search result. Our case study considers the following relationships depicted in Figure 4 :
• The concept of user, embodied in the User class is considered as a fuzzy class or set. The grade of membership to this class is directly connected to the frequency of use of the application.
• Closeness between users is modeled as a fuzzy association. This relationship is constructed from the history of recommendations, based on considering that deeper knowledge of each other is assumed to be correlated to the quantity of interactions.
• A fuzzy subset (modeled by fuzzy gen-spec) of Appropriate is also defined. This relationship models a form of trust that is essentially a (inter-)subjective belief about the usefulness of the recommendations of a given individual.
• Active users are also defined (again as a fuzzy gen-spec). This subset is a characterization of the level of communicative activity (in our case, the frequency of recommendations issued by him/her). It should be noted that a user may be very active, but also very little appropriate, that is, it may issue a large number of messages that are perceived as grossly irrelevant by his/her peers.
Appropriateness is computed by a two-step aggregation considering the opinions of peers, while activeness and userness are computed as slightly modified percentages of interaction and usage, respectively. The UML diagram in Figure 4 is a diagrammatic reconstruction of MAZE elements. First, the set
User is a fuzzy subset containing all the elements in IU. Its Appropriate and Active subsets are also elements of G, in this case containing fuzzy subsets of User. The reflexive close association corresponds to a multi-valued MAZE attribute, defined on the same type holding the attribute.
The concrete implementation used the expression in (9) to obtain an estimation of the degree of userness, where PropQueries (x,g) denotes the proportion of queries issued by users other than x in the group g, k is a constant adjusted according to the size of g, and t is a temporal adjustment factor used to maintain a high degree of membership for all the users in the early stages of system function. PropQueries can be modeled in MAZE as a user attribute and k as an attribute of the group.
A simple estimators like that expressed in (9) is also used for activeness, but relying on proportions of recommendations (suggestions) instead of queries.
Appropriateness is computed from suggestion's ratings in a two-step process. First, the ratings for a single recommendation are aggregated by an operator Agg 1 , and then all the aggregated Information Imperfection as a Characteristic of Adaptive Hypermedia 20/31 ratings for recommendations of the given user are aggregated with Agg 2 . Both operators can model "majority" opinion by adjusting the weights of an OWA operator, as described in (Sicilia & García, 2004) . Ratings in MAZE can also be described by attributes.
Finally, the closeness association is estimated by the expression in (10), where PropMessages (i, j, g ) denotes the proportion of messages (recommendations) between users i and j inside group g, and Messages(i,j) denotes the number of messages from i to j divided by the number of messages from j to i. The rationale of using these latter parameters is that of filtering out relationships that are mostly one-way, since they can not be considered as evidence for a strong social relationship.
closeness (i, j)=min(1, min(Messages(i, j), Messages(j, i) 
The just described straightforward mathematical models for conceptual elements can be considered as implementations of hypotheses or heuristics regarding the interpretation of raw user profiles. In consequence, they are inherently imprecise and uncertain. MAZE captures directly the imprecision aspect in the model, and the associated uncertainty may be modeled in a similar way provided that some experimental connections between the model elements and their correlation with navigation data are available.
Adaptive Behaviors Implemented
Based on the evolving fuzzy relationships, the following adaptive behaviors like the following are implemented:
• When elaborating a recommendation, the user is presented with a list of the members of the group. The closeness relationship is used to implement adaptive sorting, as showed in Figure 5 . In MAZE terminology, this requires an explicit (i.e. non rule-based) application from a list of interface elements to the sorted list of values in the close attribute.
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• When a user is receiving new recommendations (by traversing a link in the principal interface), an adaptive sorting process is used again, but this time using the appropriateness degree, so that the most 'trustworthy' individuals are considered first.
• If a user receives a recommendation that comes from a highly relevant user that, simultaneously, has a high degree of closeness to him/her, a direct navigation (Brusilovsky, 1996) adaptive feature is used, so that a link to the recommendation is put in a prominent place in the principal interface. This can be expressed in MAZE by a rule in the form:
if rec.user is very close and rec.user is highly relevant then currentNode.put(directLink) and directLink.target =rec 
FUTURE TRENDS
The concept of an Adaptive Web (Brusilovsky & Maybury, 2002) and the idea of a Semantic
Web (Berners-Lee, Hendler & Lassila, 2001) can be considered as two perspectives of the same vision of a prospective, improved Web. While the former one focus on tailoring a hypermedia space to the heterogeneity of user goals, characteristics, knowledge and interests, the latter one takes a broader view, concentrating on the availability of shared knowledge representations and a common technological support for the development of advanced applications, including of course adaptive ones. Consequently, it can be reasonably expected that both research orientations would eventually converge, so that Semantic Web ontologies and ontology definition languages -that are based on the so-called description logics (Baader et al., 2003) - would become in many cases the knowledge representation format both for user models and for the specification of adaptive behaviors. The constructs included in MAZE can be mapped to fuzzy description logics as those described by Straccia (2001) and Tresp and Molitor (1998) among others. Some initial results towards that end are sketched in recent work about fuzzy user interface descriptions described by Sicilia (2003b) .
From the perspective of domain modeling, a renewed interest in the classical separation of concerns principle has emerged in recent years, fostered by growing research in aspect-oriented design (Elrad, Aldawud & Bader, 2002) . Within this paradigm, models like MAZE can be considered as concern-oriented extensions of existing specialized models, so that they can be Information Imperfection as a Characteristic of Adaptive Hypermedia 24/31
properly expressed in terms of multi-concern modeling approaches like the one sketched in (Sicilia & García, 2004b) .
In addition, the kind of fuzzy constructs described here do not exhaust the range of modeling possibilities. For example, imprecise relations among entities at level M 1 (according to the UML meta-modeling architecture) can also be introduced to give support for the notion of distance of specialization among concepts (Sicilia, García, Aedo & Díaz, 2003b) , which in turn can be used also for adaptation based on crawling the inheritance hierarchy using those distances.
CONCLUSIONS
Information imperfection in its diverse facets is an inherent characteristic of most current adaptive systems, and especially of those that use conventional session and clickstream tracking on the Web. Surprisingly, existing adaptive hypermedia models neglect an explicit support for information imperfection, thus limiting adaptive hypermedia designers in the specification of realistic user modeling and adaptation tasks. In this paper, we have described MAZE, the extension of an existing abstract hypermedia model to cope with imprecision, a manifestation of information imperfection that can be addressed with the tools provided by Fuzzy Set Theory and its related mathematical frameworks for uncertainty handling. MAZE is an example of how adaptive hypermedia models, architectures and systems can be generalized to their fuzzy or uncertain counterparts, resulting in richer modeling frameworks that can be better applied to model behaviors that are not precise in their nature.
